Abstract The trend of growing interest in alternative source of energy focuses on renewable products worldwide. However, the situation of petroleum industries in many countries needs much concern in improving the oil recovery technique. Chemical method, especially microemulsion flooding, plays an important role in enhanced oil recovery technique due to its ability to reduce interfacial tension between oil and water to a large extent as well as alter wettability of reservoir rocks. Surfactant-based chemical systems have been reported in many academic studies and their technological implementations are potential candidates in enhanced oil recovery activities. This paper reviews the role of different types of surfactants in enhanced oil recovery, structure of microemulsion, phase behavior of oil-brine-surfactant/cosurfactant systems with variation of different parameters such as salinity, temperature, pressure and physicochemical properties of microemulsions including solubilization capacity, interfacial tension, viscosity and density under reservoir conditions. The enhanced oil productivity by microemulsion flooding with different surfactant/cosurfactant systems has also been discussed in this paper. This review introduces a new opening in enhanced oil recovery by microemulsion flooding with some new aspects.
Introduction
The energy demand will be met by a global energy mix that is undergoing a transition from the current dominance of fossil fuels to a more balanced distribution of energy sources. New discoveries of conventional oil fields are declining, while demand for oil is increasing day by day, particularly in the developed and developing countries. After conventional waterflood processes, the residual oil in the reservoir remains as a discontinuous phase in the form of oil drops trapped by capillary forces and is likely to be around 70 % of the original oil in place (OOIP) (Dosher and Wise 1976) . However, technically it is possible to improve this recovery efficiency by applying enhanced oil recovery (EOR) processes.
Microemulsion is an efficient tool in EOR techniques because of its high level of extraction efficiency by reducing oil-water interfacial tension (Santanna et al. 2009; Bera et al. 2014a) . Microemulsions are transparent and translucent homogeneous mixtures of hydrocarbons and water with large amounts of surfactants (Schulman et al. 1959; Stoeckenius et al. 1960) . Alkanols (medium chain alcohols such as propanol, butanol, isoamyl alcohol, pentanol, hexanol, etc.) are generally used as cosurfactants for the preparation of microemulsions (Barakat et al. 1983; Lalanne-Cassou et al. 1983) . The solubility of alkanol in water depends on the alcohol chain length. Short-chain alcohols such as methanol and ethanol are able to undergo a miscibility process with water. On the other hand, medium or long-chain alcohols (from propanol to higher alcohol) show very low solubility in water.
In recent years, microemulsion flooding has become immensely important in the petroleum industries for the EOR technique (Santanna et al. 2009; Southwick et al. 2010; Kumar and Mohanty 2010; Flaaten et al. 2010; Elraies et al. 2010; Jeirani et al. 2013a, b; Bera et al. 2014b) . Various research projects are involved in this field aiming to improve the petroleum oil recovery from natural oil reservoirs. The oil recovery process can be divided into mainly three stages such as primary recovery, secondary recovery and tertiary recovery (Gurgel et al. 2008) . In primary oil recovery, oil is recovered due to pressure maintenance, in which oil is forced out through the production well by natural forces and reservoir gravity. The intrinsic or natural capacity of oil fields for producing oil is, however, promoted via primary recovery techniques. But physical constraints such as reduced well pressure and extensive oil trapping lessen oil production which eventually ceased at one stage and caused changes in the composition of crude oil affecting the reservoir wettability (Yangming et al. 2003) . Chilingar and Yen (1983) thoroughly investigated different reservoir cores such as limestone, dolomite limestone, calcite dolomite and dolomite and concluded that 15 % were strongly oil wet, 65 % were oil wet, 12 % moderate oil wet and 8 % water wet. Therefore, in this point of view, it is an important issue regarding wettability for further desired oil recovery. When the required pressure is not available to expel the oil, water is injected to create pressure to recover the oil. This is generally called secondary oil recovery or water flooding. The primary and secondary oil recovery process can recover nearly 30-35 % of OOIP. To recover the remaining oil, a tertiary recovery process is used. This tertiary oil recovery is also known as enhanced oil recovery. Tertiary EOR technique can be divided into mainly three categories, viz. chemical flooding, thermal process and gas injection. Alkali flooding, polymer flooding and micellar-polymer flooding are examples of chemical flooding. On the other hand, in situ combustion, steam injection and wet combustion methods are grouped into thermal processes (Leung et al. 1985; Sharma and Shah 1985; Auvray et al. 1984; Scriven 1976) . Over the years, a number of innovative EOR processes such as microbial enhanced oil recovery (MEOR) and ultrasonic vibration methods have been introduced noticeably. Another important technique is foam flooding. Foam is used during gas flooding such as with steam, CO 2 and miscible gas for mobility control. Sometimes, steam foams are used extensively to improve vertical and areal sweep efficiency and to reduce steam channeling in a shallow heavy oil reservoir. The steam foam may consist of surfactant with or without noncondensable gas. Steam foams have been used in conjunction with both continuous and cyclic steam injection. The classifications of EOR methods are shown in Fig. 1 .
Capillary forces are also the important parameters for recovery of residual oil. These capillary forces are normally quantified by Young-Laplace equations in interfacial sciences (Schramm et al. 2003) . The phase behavior of surfactant/cosurfactant-brine-oil system is the key factor in interpreting the performance of oil recovery by the microemulsion flooding process. Due to the well-established relationship between the microemulsion phase behavior and interfacial tension (IFT), it is common in the industry to screen surfactants and their formulations for low IFT through oil-water phase behavior tests (Shah 1981; Levitt et al. 2006; Engelskirchen et al. 2007; Kayalia et al. 2010 ). The development of microemulsions for specific oilfield applications requires a systematic study of phase behavior as an important tool to select a treatment composition that satisfies specific parameters defined by the application. To identify microemulsion phase boundary, it is very common to study phase behavior in the laboratory. The formation and stability of microemulsion systems are driven by very low water-oil interfacial tension to compensate the large increase in the dispersion entropy (Bumajdad and Eastoe 2004) . In the past several years, it has been shown that the phase behavior of surfactant/cosurfactant-oil-brine/water system is of the intense importance in the interpretation and forecasting the scopes of applications in the field of EOR techniques (Shah and Schechter 1977) . At present, it is common that formulation of surfactant/cosurfactant-brineoil systems that exhibit desirable phase behavior is an important stage in optimizing the performance of microemulsion systems for EOR methods (Healy and Reed 1974; Healy et al. 1975; Bera et al. 2012a) . In surfactant/cosurfactant-oil-brine systems, microemulsion shows different phase behavior with variation of different parameters such as salinity, temperature and pressure. The commonly observed Winsor-type system (Winsor 1954; Abe et al. 1987; Nakamae et al. 1990; Bera et al. 2012b) indicates that the microemulsions can exist in equilibrium with excess oil, excess water or both. In a Winsor-type I system, lower phase microemulsion exists with excess oil, and in case of Winsor-type II, upper phase microemulsion exists with excess brine. In general, middle-phase microemulsion (Healy et al. 1976 ) (surfactant-rich middle phase) system is known as Winsor-type III microemulsion and has a bicontinuous structure made by an equal mixture of water-inoil and oil-in-water type of microemulsions (Schulman et al. 1959; Stoeckenius et al. 1960) . The single-phase microemulsion region is called Winsor-type IV phase. To represent these four phases, another notation system, especially employed by Kahlweit et al. (1990) , uses the symbols 2; 2; 3 and 1, respectively. The factors that affect the phase transition between different types of systems include the salinity, temperature, molecular structure and nature of the surfactant and cosurfactant and the nature of the oil and water-oil ratio (WOR) (Shah 1985) . In this review paper, the phase behavior of surfactant/ cosurfactant-oil-brine system and the factors that affect the phase behavior and interfacial tension of the systems have been discussed. This paper also reviews the role of interfacial tension in oil recovery and its relation with phase behavior. In this connection, other properties of microemulsions (such as solubilization capacity, density and viscosity) that are directly or indirectly related with oil recovery have been also discussed in this review paper.
Surfactants in EOR Techniques
The choice of surfactants for EOR is another factor for efficient extraction of trapped oil from oil reservoirs. Surfactant solutions for use in EOR can have high (2.0-10.0 wt%) or low (0.1-0.2 wt%) surfactant concentration. To lower the interfacial tension up to an ultralow value, low surfactant concentration system was used where the aqueous phase of the surfactant solution is about the apparent critical micelle concentration (CMC). In case of high surfactant concentration systems, a middle-phase microemulsion is formed that is in equilibrium with excess oil and excess brine. The basic components of this microemulsion are surfactant, water, oil, alcohol and salts (generally, NaCl is used). High surfactant concentrations in the injected plug result in a relatively small pore volume (about 3-20 %) compared to micellar solutions (15-60 %). Different surfactants were used to verify their activities in EOR techniques by laboratory experiments. Screening of surfactants for EOR in laboratory is done based on the phase behavior experiments. Screening of petroleum sulfonates, which are generally known as the most available, commercial types of surfactants and manipulation of their combination in a chemical slug have been always of particular interest to researchers. In 1984, Bostich et al. (1984) invented an aqueous petroleum sulfonate mixture, which contained, at least, two different petroleum sulfonates. The implemented sulfonates had an average molecular weight within the range of about 300-450 g/mol. The hydrocarbon portion of the sulfonate had an average aliphatic to aromatic portion ratio within the range of about 4-20 mol per mole. In microemulsion flooding, anionic surfactants were used extensively. Several surfactants have been used in laboratory experiments for their screening for use in large scale. Few of the surfactants and their activities are discussed in Table 1 .
Microemulsions in EOR

Compositions of microemulsions
It is well known that microemulsions are generally composed of hydrocarbons, surfactants/cosurfactants and brine. Surfactants are considered to be the principal constituents Healy et al. (1975) Monoethanol amine salt of alkylorthoxylene sulfonic acid (anionic)
EOR Methods
Chemical Thermal
They concluded that microemulsion flooding can be considered as a miscible process before breakdown of slug and then it will be immiscible. It was also stated that surfactant retention in porous media is a serious problem in microemulsion flooding 3. Healy and Reed (1977) Nonyl surfactant (anionic) It was reported that ultralow interfacial tension between microemulsion-oil systems increases the oil recovery efficiency 4. Glover et al. (1979) Monoethanol amine salt of dodecylorthoxylene sulfonic acid (anionic)
Depending on the salinity surfactant retention varied from 0.16 to 0.65 mg/g and rock and phase behavior was affected by salinity; as salinity changes from low to high values, middle-phase to lower-phase inversion takes place 5. Meyers and Salter (1980) A sulfonated petroleum derivative (anionic)
Dynamic adsorption study of the surfactant was reported in Berea sandstone at different oil/brine ratios 6. Willhite et al. (1980) TRS 10-80 petroleum sulfonate (anionic) In these microemulsion displacements a new milky microemulsion was produced by mixing of the injected one and it followed the oil bank. The efficiency of the microemulsion was quite high. The adsorption of the surfactant on rock surface was also significant 7. Verkruyse and Salter (1985) Ethoxylated alcohols (nonionic) The microemulsion made with this surfactant did not show the desired result of oil recovery, but reduced the interfacial tension and showed high solubilization capacity The microemulsions are very much efficient to recover residual, and viscosity of the microemulsion also plays an important role here. The more viscous microemulsion led to more oil recovery than the other one with lower viscosity 14. Zhu et al. (2009) Triton X100 (nonionic), cetyltrimethylammonium bromide (cationic)
Triton X-100 and its oligomer tyloxapol with cetyltrimethylammonium bromide induced by hydrolyzed polyacrylamide was used to produce ultralow interfacial tension between crude oil and aqueous phase (brine). This combined mixture is very much effective for lowering interfacial tension and applicable for additional oil recovery of microemulsions and are adsorbed at the interface rather than in the bulk phase. Surfactants are classified into four groups based on the charge of the head group such as anionic, cationic, nonionic and zwitterionic. Anionic surfactants such as sodium dodecylsulfate (SDS) are negatively charged in nature, but a small cation sodium ion occupies the counterpart. Anionic surfactants are most widely used in oil recovery process. Their adsorption phenomena in sandstone and carbonate are different. Their adsorption in sandstone is relatively lower than that of carbonate (Zhang et al. 2006) . The adsorption can be reduced by use of sodium carbonate with the anionic surfactants. Cationic surfactants are positively charged and they are easily adsorbed in anionic surfaces of clay and sand. Therefore, they are not extensively used in oil recovery process for sandstone reservoirs. In recent investigation, it has been proved that cationic surfactants like cetyltrimethylammonium bromide (CTAB) performed better than anionic surfactants in altering the wettability of the carbonate rock to a more water wet (Salehi et al. 2008) . Nonionic surfactants do not form ionic bonds, but the ether groups of the nonionic surfactants can form hydrogen bonding with water so that nonionic surfactants show surface properties (Myers 2006) . Therefore, these surfactants introduce their polarity from having an oxygen-rich portion of the molecule at one end and a large organic portion at the other. Nonionic microemulsions also produce ultralow interfacial tensions and show high solubilization parameter (Verkruyse and Salter 1985; Iglauer et al. 2009 ). Another type of surfactant, i.e., zwitterionic may contain both positive and negative charges. Recently, Wang et al. (2010) have applied such type of surfactant in surfactantpolymer flooding for enhanced oil recovery and have obtained good consistent results. The unique properties of microemulsions differentiate them from ordinary emulsion. For formulation of microemulsions, different alkanes with carbon number from C 6 to C 18 are generally used. The physicochemical properties of microemulsions depend on the alkane carbon number, nature of cosurfactant and types of surfactants. For ionic microemulsion preparation, cosurfactants are added along with surfactant (Healy and Reed 1977; Willhite et al. 1980 ), but some other researchers did not consider cosurfactant as a main component (Nelson and Pope 1978; Osterloh and Jante 1992) . Microemulsions actually contain a cosurfactant such as a medium chain alcohol (viz. propan-2-ol, butanol, isoamyl alcohol etc.) in combination with a primary surfactant (Barakat et al. 1983; Lalanne-Cassou et al. 1983 ). Owing to the diphilic nature of surfactants, they distribute their head and tail parts to the corresponding polar and nonpolar solvents forming a monolayer film between them. This fact decreases the interfacial tension to an ultralow value, which results in the solubilization of the otherwise immiscible components. Cosurfactant, a second surfactant is generally added to the surfactant to prepare microemulsions due to its well-documented roles in various applications especially in EOR (Zhou and Rhue 2000; Richardson et al. 1997; Pattarino et al. 2000; Cavalli et al. 1996 ) such as to (1) prevent the formation of rigid structures such as gels, liquid crystals and precipitates; (2) alter the viscosity of the system; (3) reduce interfacial tension; (4) increase the fluidity of the interface and thereby increase the entropy of the system; (5) increase the mobility of the hydrocarbon tail and allow greater penetration of the oil into this region; (6) modify the hydrophilic-lipophilic balance (HLB) values of surfactants; and (7) influence the solubility properties of the aqueous and oleic phases due to its partitioning between the phases. Several attempts to substitute traditional cosurfactants with other components (Sagitani and Friberg 1980; Osborne et al. 1988; Comelles and Pascual 1997) , for example nonionic surfactants, alkanoic acids, alkanediols, amines, aldehydes, ketones, butyl lactate and oleic acid, have been carried out from the viewpoint of suitable applications of microemulsions. The role of cosolvents and additives in the preparation of microemulsions has also been reported in literature (Kahlweit et al. 1985; Wormuth and Kaler 1987; Kim et al. 1988) . Commonly, cationic, anionic and nonionic surfactants are used to form microemulsions. Physicochemical properties of the microemulsions are different for different surfactant systems. Brine is generally considered a pseudo component for microemulsion system taking in account water and salt as single phase.
Type and structure of microemulsion Microemulsion structure has a key role in the different physicochemical parameters of the applied fields. The specific structures of the microemulsions have been extensively studied by many researchers (Azouz et al. 1992; Wadle et al. 1993; Maidment et al. 1997; Mo et al. 2000; Li et al. 2010) . The three basic types of microemulsions are direct (oil dispersed in water, o/w), reversed (water dispersed in oil, w/o) and bicontinuous. Like multiple emulsion, sometimes multiple microemulsion are also possible. In this type, another layer is formed outside the o/w or w/o microemulsions. The schematic diagram of the basic three types of microemulsions is shown in Fig. 2 . Microemulsion structure depends on salinity, water content, cosurfactant concentration and surfactant concentration. At higher water content, the microemulsion would be a water-external system with oil solubilized in the cores of the micelles. Although the mixtures remain single phase and thermodynamically stable, the microemulsion structure changes through a series of intermediate states (Bourrel and Schechter 1988) . The structures of these intermediate states are not well known. However, the solutions are thermodynamically stable and isotropic. Salinity also can reverse the structure of the microemulsion. As salinity increases, the direct microemulsion changes to reverse microemulsion. At low salinity, the system remains in water-external phase, but with increasing salinity the system separates into an oil-external microemulsion.
Surfactant/microemulsion flooding
During the past 40 years, it has been reported that many surfactant formulations for EOR generally form multiphase microemulsions (Chiang and Shah 1980; Cayias et al. 1977; Wilson et al. 1976; Schwuger et al. 1975) . In chemical EOR methods, the process occurs with a certain degree of chemical interaction between the injected fluid and the reservoir fluid. This may be achieved by injecting polymer solutions, surfactant slugs, microemulsions or alkaline solutions. The main purpose of surfactant flooding is to reduce the interfacial tension between oil and water, thus increasing the displacement efficiency (Kwok et al. 1995) . Surfactant solutions are not so efficient for better recovery of oil due to low viscosity compared to that of the oil. From this point of view, microemulsions are better replaceable injected fluids for their unique properties, which feature higher viscosity and induce low interfacial tension, increasing the oil extraction efficiency. Due to adsorption of surfactant molecules on the reservoir rock surfaces, low concentration of surfactant solutions are not allowable many times (Kassel 1989 ). Austad and Strand (1996) studied the microemulsion system and stated that very low interfacial tension may be reached with microemulsion systems. Under such circumstances, microemulsions flow more easily through the porous media, which enhances the oil extraction performance. For good efficiency of microemulsions and reasonable oil recovery efficiency, the surfactant must be chemically stable, reduce the interfacial tension between brine and crude oil and displace the oil without significant surfactant loss by adsorption on the reservoir rocks. Retention of surfactant is a most restrictive factor that affects the efficiency of the oil recovery process by microemulsion flooding (Glover et al. 1979) . The microemulsion slug partitions into three phases such as a surfactant-rich middle-phase and surfactant-lean brine and oil phases Reed 1974, 1977; Healy et al. 1976) in the intermediate salinity range. The surfactant-rich phase is the middle-phase microemulsion. In case of microemulsion flooding, a high concentration of surfactant must be used so as to form micelles that can solubilize or dissolve the reservoir oil. This phenomenon takes place via incorporation of small oil droplets in the micelle core, effectively causing miscibility in the system (Shindy et al. 1997 ).
Mechanism of surfactant/microemulsion flooding
In microemulsion flooding, the reservoir is flooded with water containing a small percentage of surfactant and other additives such as hydrocarbon, medium-chain alcohol and brine. The surfactant plays a key role in forming the exact type of microemulsion that reduces the interfacial tension of the target oil (Robert Moene, Shell Global Solutions). This is critical to both mobilize oil and enable it to escape from the rock. Generally speaking, whenever a waterflood has been successful, microemulsion flooding will be applicable, while in many cases where flooding has failed owing to its poor mobility relationships, microemulsion flooding can still be successful mainly due to the required mobility control. A schematic diagram of surfactant/microemulsion flooding is shown in Fig. 3 . The microemulsion flooding process is implemented as tertiary displacement near the end of a water flood. Figure 3 shows a tertiary process where residual oil saturation exists. A specified volume of surfactant slug (0.5-1.0 PV) is injected. The micellar solution has a very low IFT with the residual oil and mobilizes the trapped oil, forming an oil bank ahead of the slug. The slug has a very low IFT with the brine and thus displaces brine as well as oil. Both oil and water flow in the oil bank. The thickened water is injected after the surfactant slug to drive the slug of microemulsion through the formation towards the production wells. A thickened water or mobility buffer slug consisting of a solution of polymer in water is used. The micellar solution must be designed in such a way that a favorable mobility ratio exists between the micellar slug and the oil bank. The viscosity of the micellar solution is adjusted to accomplish this. A polymer is often added to the micellar solution to increase its apparent viscosity. Thus, the process has the potential to increase both volumetric sweep efficiency and microscopic displacement efficiency. In some cases, a preflush is injected ahead of the micellar solution to adjust the brine salinity or pH. The preflush solution may contain a sacrificial adsorbent that will be adsorbed on the rock and occupy adsorption sites. The purpose is to reduce adsorption and loss of the surfactant contained in the micellar solution.
Phase behavior of surfactant/cosurfactant-brine-oil system and optimization study
The phase behavior of surfactant-oil-brine system is the important key step in the laboratory to screen the proper surfactants for EOR. The microemulsion phase behavior changes from Winsor I to Winsor II through Winsor III with variation in salinity, temperature and pressure. Surfactant molecules in oil or in water form a variety of structures when structure-assisted parameters such as water content, surfactant concentration, cosurfactant type, cosurfactant concentration, pressure and/or temperature are varied. Figure 4 shows the schematic diagram of the Winsor phase behavior of microemulsion, and Fig. 5 depicts the corresponding pseudoternary phase diagram. The middle-phase microemulsion consists of solubilized oil, brine, surfactant and alcohol. The lower to middle to upper phase transition of the microemulsion phase can be obtained by varying the following factors: (1) increasing salinity, (2) increasing alcohol concentration (propanol, butanol, pentanol and hexanol), (3) decreasing oil chain length, (4) changing temperature, (5) increasing total surfactant concentration, (6) increasing surfactant solution/oil ratio, (7) increasing brine/oil ratio and (8) increasing molecular weight of the surfactant. Hussain et al. (1997) studied the three-phase microemulsion systems as a function of temperature and pH. They showed that the presence of ethylene oxide (EO) moiety in the surfactant molecule made the surfactants less sensitive to salinity than an anionic surfactant. They also stated that the carboxylic ionic head group made the surfactant more stable to temperature than in simple EO nonionic surfactants. The phase behavior of pH-dependent ether carboxylic acid system depends on salinity in the same way as in ethoxylated sulfonates (Qutubuddin et al. 1984) . The middle-phase microemulsion is formed at low to high pH as a function of temperature at constant salinity. Increasing EO units in the surfactant molecules makes the surfactant molecule more hydrophilic, and hence high salinity and temperature are required to achieve the optimum region (Hussain et al. 1997 ). John and Rakshit (1994) studied the phase behavior and properties of cyclohexane/ SDS/propanol/water microemulsion system in the presence of NaCl. They reported that the one-phase microemulsion region disappears completely at higher NaCl concentration. Abe et al. (1992) investigated the phase behavior and physiochemical properties of sodium octyl sulfate/n-decane/1-hexanol/aqueous AlCl 3 middle-phase microemulsion. They reported that at a particular salinity, a drastic change in the phase volume and physicochemical properties might be attributed to a phase inversion of AlCl 3 middle-phase microemulsion from oil-rich to water-rich continuous phase with increasing AlCl 3 concentration, which is quite a different behavior from that observed for monovalent and divalent salt systems. They also concluded that the nature of middle-phase microemulsion was very complicated and that its microstructure involves an intermicellar equilibrium incorporating various types of droplets, bicontinuous fluctuating and/or a rigid liquid crystal phase states, depending on the type of salt in the system. Bera et al. (2011) studied the interfacial tension and phase behavior of surfactantbrine-oil system for three nonionic surfactants. They reported that with increasing salinity, relative phase volume of middle-phase microemulsion would be increased due to increase conductivity of the solution and hydrophilicity of the molecules.
Solubilization capacity of microemulsion
High solubilization capacity of microemulsion depends on the formulation of microemulsion. Solubilization capacity of microemulsion is a function of surfactant category, oil type, cosurfactant nature, etc. Salts are also responsible for the variation of solubilization capacity of microemulsion. Microemulsions show a high level of solubilization capacity toward both oil and water simultaneously. This property makes them one of the most important tools in chemical EOR. In the presence of some additives, the water solubilization capacity of microemulsions is also influenced. Water solubilization of a microemulsion sometimes obeys the Bansal, Shah and O'Connell (BSO) equation. The equation suggests that maximum solubilization occurs if the summation of the carbon chain length of cosurfactant (l cs Þ and oil (l 0 Þ is equal to the carbon chain length of the surfactant (l s Þ, i.e., l cs þ l 0 ¼ l s ð Þ . Recently in our few experimental studies, we also show the results of this rule (Bera et al. 2012c (Bera et al. , 2014c . Wei et al. (2011) reported that the water solubilization capacity increases initially with increasing ionic liquid (additive) concentration and reaches a maximum and then decreases with a further increase of ionic liquid concentration. They also reported the effect of the addition of salt to the microemulsion. The addition of salt diminishes the effective polar area of the surfactant by decreasing the thickness of the electrical double layer around the polar group. In this regard, packing parameter (P) is defined as v/ al, where v is the effective volume of a surfactant molecule, a is the effective area of its polar head and l is the length of its hydrocarbon chain. As P increases, the water solubilization capacity of microemulsion decreases; because of the two counteracting factors, a maximum value of water solubilization capacity is observed. As the concentration of salt becomes higher, the latter effect plays a dominant role, which explains the further decrease in water solubilization capacity.
Interfacial tension reduction
Ultralow interfacial tension is required to recover the trapped oil with increasing capillary number. It is well known that ultralow interfacial tension plays an important role in oil recovery processes (Chiang and Shah 1980; Cayias et al. 1977; Wilson et al. 1976 ). The reasons of ultralow IFT's have been extensively investigated. The ultralow IFT are associated with phase behavior at plait point. At the plait point of liquid/liquid system, two phases become indistinguishable and IFT between the two equilibrium phases goes to zero. The microemulsion systems exhibit ultralow IFTs over wide ranges of salinities, surfactant concentrations and temperatures, suggesting that a critical phenomenon is involved. In 1977, Shah and Schechter (1977) demonstrated from their experimental results that there was direct correlation between interfacial tension and interfacial charge in various oil-water systems. Interfacial charge density is an important factor in lowering the IFT. Partition coefficient and IFT are strong functions of salinity. The minimum IFT occurs at the same salinity where the partition coefficient is observed to unity. Baviere (1976) proposed the same correlation between IFT and partition coefficient. Different factors (such as surfactant mixture ratio, salt concentration, temperature, pressure and oil types) influence the IFT.
Different category surfactants have different activities to reduce IFT. Sometimes, mixed surfactants show extra ability to reduce IFT. Therefore, the mixing ratio plays an important role. When interaction is not so strong, the two surface-active materials with equimolar concentration in the phase give the lowest IFT value among the different ratio mixtures (Rosen 1989; El-Batanoney et al. 1999) .
The relative solubilities of surfactant in oil and water vary significantly with change in the salinity of the aqueous phase. At low salt concentration, most of the surfactant molecules stay in the aqueous phase, while at high salt concentration, the surfactant molecules preferentially dissolve into the oil phase. An equal distribution of surfactant in both oil and water phase is observed at a particular salinity, called optimal salinity, which produces the lowest IFT (Sayyouh 1994) . The solubility of surfactant molecule in aqueous medium is reduced by salt (Anderson et al. 1976) . However, at a certain concentration of surfactant, the presence of NaCl salt (up to a certain concentration) may promote the surfactant migration toward the interfacial layer from the bulk phase, generating a substantial decrease in the IFT between oil water (Schechter and Wade 1976; Bera et al. 2014a, b, c) . Therefore, the IFT decreases with increasing salinity up to a certain salt concentration and then increases. This salt concentration is generally known as optimal salinity.
Viscosity and density of microemulsion
The magnitudes of the viscosity and density of displacing fluid relative to the displaced fluid are important design variables that affect volumetric displacement efficiency. The tendency for gravity override and underride to occur is determined by relative densities of the displaced and displacing fluid. Areal and vertical sweep efficiencies are in large measure determined by the mobility ratio in the displacement process. Both viscosity and density are functions of microemulsion composition. Viscosity, in particular, can be varied over a wide range by proper adjustment of composition and/or by polymer addition.
The viscosity of microemulsions depends on the structure of the microemulsion, i.e., whether it is water-or oilexternal. It is well known that at low water content, the system is oil-external, and at high water content, the system shows the reverse, i.e., water-external. The viscosity of the microemulsion increases as water content increases, creating swollen micelles. At the 50 % water content, the viscosity of the microemulsion increased to two orders of the initial value. At higher water content, after inversion to a water-external system, the viscosity decreases with further addition of water. In general, the viscosity of displacing slug has been modified by addition of a polymer, such as polyacrylamide or biopolymer. The viscosity of the microemulsion can be modified by adding a cosurfactant (medium chain alcohol) and/or polymer to the microemulsion.
Applications of microemulsions in enhanced oil recovery
The use of microemulsion is of high interest in many aspects of crude oil exploitation in EOR, especially due to the ultralow interfacial tension values attained between the contacting oil and water phases. Microemulsion flooding in EOR can be applied over a wide range of reservoir conditions due to its exclusive ultralow interfacial tension property (Pottmann 1974; Santanna et al. 2009; Jeirani et al. 2013a) . In cases where the pressure exerted by water on the oil phase is not able to overcome capillary forces sufficiently, microemulsions are the key to extracting more than just a minor portion of crude oil. Properly balanced microemulsions are able to do so by drastically reducing the interfacial tension to the magnitude of 0.001 mNm -1 . This is also known as chemical flooding. Figure 6 shows the chemical enhanced oil recovery by micellar-polymer flooding. Healy and Reed (1974) reported on some fundamentals of microemulsion flooding, especially viscosity, interfacial tension and salinity, relating the results of phase behavior of self-assembled systems to the Winsor's concepts. Austad et al. (1994a, b) discussed the physicochemical aspects involved in this method, particularly the interactions existing within specific polymer-surfactant and microemulsion systems applied in EOR. In microemulsion techniques, the oil reservoir is flooded with water containing a small percentage of surfactant and other additives. This solution reacts with natural acids in the trapped oil, making a microemulsion similar to soap lather. As a result, lowering of interfacial tension between oil and water has been found. This is critical to both mobilizing oil and enabling it to escape from the rock. Microemulsion is injected into reservoirs in EOR processes and lowers the IFT to mobilize the residual oil left trapped in the reservoirs after water flooding (Engelskirchen et al. 2007; Barnes et al. 2008; Santanna et al. 2009; Jeirani et al. 2013b ). Tertiary oil recovery by means of microemulsions has been the main focus due to the ability to dissolve oil and water simultaneously in addition to attainment of very low interfacial tension of the system. Therefore, the design and analysis of chemical flooding processes for EOR depend on calculations of phase equilibria for these systems that are composed of water or brine, oil, surfactant and cosurfactant (usually a medium chain alcohol). Consequently, understanding the phase behavior of these systems is of fundamental importance to the development of any surfactant-based chemical flooding process. Microemulsions employed in EOR may be either oil-external (also called soluble oil) or water-external; mostly, they contain crude oil from the reservoir in which they are injected. The design of a microemulsion for a specific reservoir is basically a trial-and-error procedure; that is, the formulation of the microemulsion slug for a particular reservoir depends on the reservoir condition after the secondary recovery process and the properties of the microemulsion slug itself.
Conclusions
Microemulsions are very effective injecting fluids for extracting residual oil from reservoir in chemical EOR. Different chemical EOR techniques have been used for the last several decades in the oil recovery process. The drawbacks of the processes have forced to invent new techniques in EOR. Research in EOR is attributed to design 
